and P26, and behaviorally experienced 5-to 7-month-old GAP-43+/-and +/+ littermate mice. P9 GAP-43+/-mice had fewer Ki67 + and DCX+ cells compared to +/+ mice, particularly in the posterior dentate gyrus, and smaller mossy fiber volume in the same region. In young adulthood, however, male GAP-43+/-mice had more Ki67+ and DCX+ cells and greater mossy fiber volume in the posterior dentate gyrus relative to male +/+ mice. These increases were not seen in females. In 5-to 7-month-old GAP-43+/-mice (whose behaviors were the focus of our prior publication), there was no global change in the number of proliferating or immature neurons relative to +/+ mice. However, more detailed analysis revealed fewer proliferative DCX+ cells in the anterior dentate gyrus of male GAP-43+/-mice compared to male +/+ mice. This reduction was not observed in females. These results suggest that young GAP-43+/-mice have decreased hippocampal neurogenesis and synaptic connectivity, but slightly older mice have greater hippocampal neurogenesis and synaptic connectivity. In conjunction with our previous study, these findings suggest that GAP-43 is dynamically involved in early postnatal and adult hippocampal neurogenesis and synaptic connectivity, possibly contributing to the GAP-43+/-behavioral phenotype. 
Introduction
Synapse connectivity of neural circuits is critical for proper structural organization between and within brain regions, and enables many neurological functions including cytoskeletal dynamics, neurotransmission, sensory processing, and cognition [1] . Variations in genes and proteins that control synapse development and refinement are evident in humans afflicted with neuropsychiatric conditions that are marked by anxiety, deficits in communication and social interaction, and sensory and cognitive impairments [1, 2] . Diminished synaptic plasticity is also evident in animal models of neuropsychiatric disorders [1] [2] [3] [4] . Given the essential role for synaptic proteins in neuronal plasticity and disease pathology, there is interest in investigating how deficits in synaptic proteins impact the development and remodeling of neural circuits.
Growth-associated protein-43 (GAP-43) is a presynaptic protein located on the growth cones of axons, and it plays key roles in cytoskeletal dynamics like axonal growth and guidance and synapse formation [5, 6] . Mice harboring GAP-43 genetic variants exhibit early brain overgrowth and irregular axonal sprouting and synaptogenesis that are proposed to contribute to the behavioral deficits in GAP-43 mutants [7] [8] [9] [10] [11] [12] [13] such as altered hippocampal-dependent function [14] [15] [16] . For example, mice heterozygous for GAP-43 (GAP-43+/-) display increased vulnerability to stress and resistance to change in hippocampal-dependent tasks [17] . This suggests a critical role for GAP-43 in hippocampal synaptic homoeostasis and neural processing.
One aspect of hippocampal neuroplasticity that has not been explored in GAP-43 mutants is neurogenesis. In mice, hippocampal neurogenesis peaks right after birth, and then continues at a lower rate throughout adulthood [18] [19] [20] [21] . In the early postnatal period, rapidly dividing neural progenitors are evident in the granule cell layer (GCL) of the hippocampal dentate gyrus. With aging, the progenitors become progressively restricted to the inner border of the GCL, or subgranular zone (SGZ) [18] . Those postnatal-born progenitors that survive develop into neurons [18] and extend their axons to the CA3 hippocampal region via the mossy fiber bundle [22] [23] [24] . A functional role for postnatal-and adult-born neurons is increasingly evident, as their depletion results in spatial learning and memory deficits and other behavioral disturbances [25, 26] . Disruption in synaptic transmission between the dentate gyrus and CA3 also impairs memory [27] . Moreover, susceptibility to stress (as seen in GAP-43+/-mice) is associated with long-term changes in hippocampal neurogenesis [28, 29] , and hippocampal neurogenesis in turn is critical for regulating response to stress [29] [30] [31] .
Given the correlation between hippocampal function, neurogenesis and synaptogenesis [32, 33] , we hypothesize that the behavioral phenotype observed in GAP-43+/-mice [17] is associated with decreased neurogenesis and altered synaptic connectivity within the hippocampus. To test this, we examined neurogenesis and mossy fiber volume during early postnatal development and young adulthood, and following behavior testing in adult GAP-43+/-and +/+ littermates. We found that young GAP-43+/-mice have regional deficits in hippocampal neurogenesis and synaptic connectivity, while young adult mice have increases in these metrics. Our correlative results -in combination with our previous study [17] -encourage future causative studies to test the link between impaired hippocampaldependent processing, abnormal hippocampal neurogenesis and reorganization of hippocampal mossy fiber axons.
Materials and Methods

Mice and Bromodeoxyuridine Administration
Mice were bred and maintained in accordance with NIH Guidelines for the Care and Use of Laboratory Animals. Experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern (UTSW) Medical Center and the State University of New York Upstate Medical University (SUNY Upstate). GAP-43+/-mice were bred [9, 17] and wild-type littermates (GAP-43+/+) were controls. Three ages of GAP-43+/-and +/+ mice were used: postnatal day 9 (P9) behaviorally naïve mice, P26 behaviorally naïve mice, and 5-to 7-month-old behaviorally experienced mice whose behavioral data have been previously published [17] . The 5-to 7-month-old GAP-43+/-and +/+ littermates received bromodeoxyuridine (BrdU) [28, 34] and were sacrificed 2 h later ( fig. 5a ). P9 and P26 mice did not receive BrdU injections, but were examined for endogenous markers relevant to hippocampal neurogenesis.
Tissue Preparation and Immunohistochemistry
The 5-to 7-month-old mice were anesthetized and perfused as described previously [35, 36] , while P9 and P26 mice were euthanized and brains were immersion-fixed in 4% paraformaldehyde at SUNY Upstate prior to being sent to UTSW. All brains were cryoprotected and sectioned for stereology [35, 36] , with the exception that P9 coronal sections were collected at 40 μm in a 1: 6 series. Coded slide-mounted immunohistochemistry (IHC) and subsequent analysis was performed with antibodies against BrdU, doublecortin (DCX), Ki67, phosphorylated histone H3 (pHisH3), and synaptoporin as previously described [35] [36] [37] . To minimize variability and enable quantification of resulting stains, tissues from GAP-43+/-and +/+ mice to be compared were processed through IHC simultaneously.
Bright-Field Microscopic Analyses and Cell Quantification
Following IHC of hippocampal section, cell quantification was performed. Unbiased estimates for Ki67 and DCX+ cells in P9 mice and DCX+ cells in P26 mice were obtained using stereology on an Olympus BX51 System Microscope (Optronics, Goleta, Calif., USA). Cell counts were collected using the Optical Fractionator Probe within the Stereo Investigator software (MBF Bioscience, MicroBrightField, Inc., Williston, Vt., USA) [38, 39] . Counting was performed using a 100×/1.4 NA oil immersion lens for P9 and a 40×/0.63 NA lens for P26. The optical disector height was 12 μm. The area-sampling fraction was 1/25 and the section-sampling fraction was 1/6 for P9 and 1/9 for P26. Ki67+ cells in P26 mice and BrdU+ and DCX+ cells in the 5-to 7-month-old mice were visualized with an Olympus BX51 microscope using a 40×/0.63 NA lens with continuous adjustment through the depth of the section [37] . Exhaustive counts for BrdU+, Ki67+ and DCX+ cells in every 9th dentate gyrus section were collected using the optical fractionator method [28] . Because the raw counts (before multiplication) for + cells were low according to disector/fractionator standards [40] , both the area-and height-sampling fractions were 1 [28, 41, 42] . For the 5-to 7-month-old mice, the number of BrdU+ cell clusters and the number of BrdU+ cells/cluster were also quantified [37] . For all metrics, the distribution of + cells in the dentate gyrus was also analyzed at different distances from the Bregma; data are presented as total number of cells in the SGZ at each septotemporal point.
Dendrite Quantification of DCX+ Cells
To assess maturation of DCX+ SGZ cells in 5-to 7-month-old mice, DCX+ cells were categorized into 3 categories based on dendritic morphology: proliferative, intermediate and postmitotic [43, 44] . Proliferative cells had no or a short dendritic process (<10 μm; fig. 6a-c); intermediate cells had dendrites >10 μm long which did not reach into the molecular layer ( fig. 6d ), and postmitotic cells had dendritic processes that reached into the molecular layer ( fig. 6e ).
Confocal Microscopy and Phenotypic Analyses
Phenotypic analyses were performed using confocal microscopy with optical sectioning in the Z plane (Zeiss Axiovert 200/ LSM510-META; emission wavelengths 488, 543 and 633 nm) as previously described [37] . Phenotyping was used to characterize the mitotic nature of Ki67+ cells in P9 mice (Ki67/pHisH3 IHC; fig. 1d-f) , and to confirm the proliferative versus postmitotic nature of DCX+ SGZ cells of 5-to 7-month-old mice (DCX/Ki67 IHC; fig. 6n-u) . For P9 mice, the ratio of single-labeled (Ki67+pHisH3-) or double-labeled (Ki67+pHisH3+) cells in relation to the total number of Ki67+ was calculated for each mouse. For 5-to 7-month-old mice, the ratio of single-labeled (DCX+Ki67-) or double-labeled (DCX+Ki67+) cells in relation to the total number of DCX+ was calculated for each mouse. The resulting ratios from each phenotypic category were statistically analyzed and/or were multiplied by the absolute number of Ki67+ (P9 mice; fig. 1e , f) or DCX+ cells (5-to 7-month-old mice; fig. 6o , s) acquired from stereological quantification (described above) to obtain the total number of single-or double-labeled cells.
Volume Quantification of Hippocampal Mossy Fibers
Volume quantification of the synaptoporin+ mossy fiber tract was performed using the Cavalieri Probe within Stereo Investigator [45] . For P9 and 5-to 7-month-old mice, every 6th or 9th section, respectively, was examined via an Olympus BX51 microscope with a 10×/NA 0.30 lens to assess the size of the hilus, the suprapyramidal mossy fiber field (SMF) and the infrapyramidal mossy fiber field (IMF). Areas were determined using Stereo Investigator's area measurement tool. Volumes were determined by multiplying the sum of the areas by the sampling fraction and the section thickness (40 μm for P9 and 30 μm for 5-to 7-monthold mice). The Gunderson coefficient of variance for each brain was always <10%. Data are reported as the total estimated volume (in cubic micrometers) of the mossy fiber field/brain and as total volume of the respective mossy fiber field at each septotemporal point.
Statistical Analyses and Data Presentation
As shown in figure legends, data are expressed as mean ± SEM from a minimum of 5 mice/genotype. Data from behaviorally naïve P26 and behaviorally tested 5-to 7-month GAP-43+/-and +/+ mice were analyzed by sex, whereas male and female P9 brains were combined for analysis. Statistical analyses were performed with either unpaired t test or 2-way analysis of variance (ANOVA) where appropriate (GraphPad Prism 6.0). Sidak post hoc comparisons were used to analyze significant ANOVAs. p < 0.05 were considered statistically significant.
Results
P9 GAP-43+/-Mice Have Fewer Proliferating Cells and Immature Neurons in the GCL
We first examined GAP-43+/-and +/+ littermates at P9 ( fig. 1 a) , an early postnatal time point when total and phosphorylated forms of GAP-43 peak [11] . This developmental age in mice also coincides with a critical period of axon elongation, terminal arborization and early synaptogenesis [46, 47] , all processes in which GAP-43 has a putative role. Therefore, we hypothesized that P9 GAP-43+/-mice would have diminished indices of hippocampal neurogenesis compared to +/+ mice.
We first analyzed Ki67+ cells as an endogenous measure of cell proliferation [34] . The distribution of Ki67+ GCL cells at P9 was similar to published work [38] , with Ki67+ cells evident throughout the entire GCL width ( fig. 1 b) , signifying high proliferative activity in the P9 hippocampal dentate gyrus. Stereology revealed a 17% decrease in the total number of Ki67+ cells in P9 GAP-43+/-versus +/+ mice ( fig. 1 c, p < 0.05). As the dentate gyrus differs in cellular composition and function along the GCL in the distance from the Bregma [48] [49] [50] [51] [52] [53] , we also examined Ki67+ cell number in the distance from the Bregma. There was a significant main effect of Breg- fig. 1 d) . To assess whether the lower Ki67+ cell number was due to delayed/premature mitosis, we used 3D phenotypic analyses of sections stained for Ki67 and the endogenous G2/M cell cycle marker pHisH3 ( fig. 1 e-g ) [37] . Ki67+ cells were, as expected, far greater in number than pHisH3+ cells, as Ki67 labels cells in all phases of the cell cycle except G2/M in vivo, while pHisH3 labels cells only in the late G2/M phase [37] . Almost all pHisH3+ cells were also Ki67+, but not all Ki67+ cells were pHisH3+ ( fig. 1 e) . Each Ki67+ cell was categorized as single-labeled (Ki67+pHisH3-) or double-labeled (Ki67+pHisH3+; fig. 3 e-g). Phenotypic analysis revealed a 22% reduction in Ki67+pHisH3-cells in +/-versus +/+ mice ( fig. 1 f, p < 0.05). This is consistent with figure 1 c, verifying significantly fewer Ki67+ SGZ cells in +/-mice. However, the proportion of Ki67+ cells that were pHisH3+ did not differ between +/+ and +/-mice ( fig. 1 g, p > 0.05), suggesting that the reduced Ki67+ cell numbers in P9 GAP-43+/-mice could be likely due to an overall reduction in the number of proliferating cells or due to a shorter length of the entire cell cycle in +/-mice. Together, these data suggest that GAP-43+/-mice exhibit a significant decrease in the number of dividing progenitors.
DCX+ GCL cells were also quantified to assess immature neuroblasts [38, 39] . The appearance and distribution of DCX+ cells in +/+ P9 mice were similar to published work [38] : DCX+ cells lacked processes, were evident in the inner two thirds of the GCL, and were marked by immunostaining restricted to the outer soma ( fig. 1 h) . Stereological quantification of total DCX+ in the GCL of DCX+ cells in +/+ versus +/-mice revealed 12% fewer DCX+ cells in P9 GAP-43+/-versus +/+ mice ( fig. 1 i, p < 0.05). When analyzed across Bregma, there was a significant main effect of Bregma (F 11, 96 = 21.86, p < 0.0001) and genotype (F 1, 96 = 9.84, p < 0.01), and a significant genotype × Bregma interaction (F 11, 96 = 1.98, p < 0.05). Post hoc analysis revealed GAP-43+/-mice had significantly fewer DCX+ cells in the posterior dentate gyrus (-3.1 to -3.8 mm from the Bregma, fig. 1 j) , an area associated with emotion and anxiety [48] .
While these data show that P9 mice have decreased indices of neurogenesis (Ki67+ and DCX+ cells), P9 GAP-43+/-did not have decreased GCL volume. This was true either when measured as total GCL volume [mean (in cubic millimeters) ± SEM, +/+: 7.9 ± 5.7; +/-: 7.8 ± 5.6, p > 0.05] or across the rostrocaudal axis (genotype: F 1, 104 = 1.0, p > 0.05).
P9 GAP-43+/-Mice Have Smaller Hilar and Suprapyramidal Mossy Fiber Volumes
GAP-43 protein is abundant in growth cones of neuronal axons [5, 6] and has been associated with neuropsychiatric disorders in human genetic [54] [55] [56] and anatomical studies [57] . Therefore, we hypothesized that P9 GAP-43+/-mice would display abnormal mossy fiber axonal projections from the dentate gyrus to CA3. To visualize the mossy fibers, we stained for synaptoporin, a marker enriched in the mossy fiber tract [ fig. 2 ad , 45 , 58 ] whose function is necessary for homeostatic regulation of mossy fiber-CA3 synapses [59] . As expected [45, 58] , strong synaptoporin immunoreactivity was observed in the hilus, the region between the supra-and infrapyramidal blade of the dentate gyrus ( fig. 2 a, b) . Synaptoporin immunoreactivity extended from the hilus in 2 thick axonal bundles -the SMF and IMF -with the SMF projecting to CA3 and abruptly ending at the CA3/CA2 boundary, and the IMF connecting into the SMF ( fig. 2 and SMF synaptoporin+ tracts in the posterior dentate gyrus (-2.7 to -3.3 mm from the Bregma, p < 0.05; fig. 2 j, k). This posterior region is the same region in which P9 GAP-43+/-mice had reduced DCX+ cell numbers ( fig. 1 i) . The size of the IMF was not different between genotypes ( fig. 2 l) . Taken together, these findings in P9 mice show that in early postnatal development (when hippocampal neurogenesis and axonal pathfinding are robustly active) GAP-43+/-mice have less GCL neurogenesis and a smaller mossy fiber tract compared to +/+ mice, particularly in the posterior dentate gyrus.
Male GAP-43+/-Mice Have More Immature Neuroblasts at P26
Synaptic remodeling continues well beyond postnatal development and into adulthood [60, 61] . Because P9 GAP-43+/-mice had decreased indices of neurogenesis and smaller mossy fiber tract volume, we examined whether these changes in the hippocampal dentate gyrus persisted into adolescence/young adulthood ( fig. 3 a) . In contrast to P9, Ki67+ cells in +/+ mice at P26 were restricted to the SGZ ( fig. 3 b) and were far fewer in number ( fig. 3 c) . This was expected as indices of SGZ proliferation/neurogenesis decrease with age [38] . Also in contrast to P9, P26 GAP-43+/+ and +/-mice did not differ in Ki67+ SGZ cell number ( fig. 3 c) . However, when analyzed by sex, P26 male +/-mice had a nonsignificant trend for greater Ki67+ cells versus male +/+ mice ( fig. 3 d) . When analyzed across Bregma, P26 male +/-mice had a trend for more Ki67+ cells throughout most of the hippocampal dentate gyrus versus +/+ mice (-0.9 to -3.6 mm from the Bregma, fig. 3 e) . Two-way ANOVA revealed a significant main effect of Bregma (F 11, 119 = 3.62, p < 0.0001) and genotype (F 1, 119 = 8.74, p < 0.01), but no significant interaction (F 11, 119 = 0.352, p > 0.05). No trend was observed in female mice ( fig. 3 d, f) .
We next examined DCX+ GCL cells in P26 mice. Relative to P9, DCX+ cells in P26 +/+ mice were fewer in number and had distinct dendritic processes that extended into the inner molecular layer ( fig. 3 g) . Like P9 mice, however, DCX somal immunoreactivity remained restricted to the outer edge of the cell body. Stereological quantification of DCX+ cell number showed no difference between GAP-43+/+ and +/-mice ( fig. 3 h) . However, when analyzed by sex, 2-way ANOVA revealed a significant genotype × sex interaction (F 1, 23 = 15.48, p < 0.01). Post hoc analysis revealed significantly more DCX+ cells in male +/-versus +/+ mice ( fig. 3 i, p < 0.01). When male +/+ and +/-mice were analyzed across Bregma ( fig. 3 j) , there was a significant main effect of Bregma (F 11, 120 = 22.96, p < 0.0001) and genotype (F 1, 120 = 9.73, p < 0.01), but no interaction (F 11, 120 = 1.51, p > 0.05). In contrast to males, there was a trend for fewer DCX+ cells in female +/-versus +/+ mice ( fig. 3 i, p = 0.09). When female +/+ and +/-mice were analyzed across Bregma ( fig. 3 k) , there was a significant main effect of Bregma (F 11, 156 = 22.79, p < 0.0001) and genotype (F 1, 156 = 7.32, p < 0.01), but no interaction (F 11, 156 = 1.48, p > 0.05).
While these data show that P26 male +/-mice have increased indices of neurogenesis (Ki67+ and DCX+ cells), P26 male GAP-43+/-mice did not have increased GCL volume. This was true either when measured as total GCL volume (mean ± SEM, +/+: 8.7 ± 2.0; +/-: 10.0 ± 2.6, p > 0.05) or across the rostrocaudal axis (genotype: F 1, 120 = 0.2, p > 0.05).
P26 GAP-43+/-Mice Have a Larger Volume of Mossy Fiber Projections
Because the most significant finding in P26 mice occurred in males, we quantified the volume of synaptoporin+ mossy fiber axon tract in GAP-43 males ( fig. 4 a-d) . Synaptoporin+ mossy fiber axons in P26 mice were of similar distribution compared to P9 mice ( fig. 4 a-d) . Stereological quantification of synaptoporin+ mossy fibers in P26 GAP-43+/-versus +/+ mice revealed a significant increase in the size of the total mossy fiber tract ( fig. 4 e) . When analyzed by Bregma, GAP-43+/-mice had larger mossy fiber volume -2.7 to -3.3 mm from the Bregma ( fig. 2 f) . When analyzed by hilar, SMF and IMF subfields, (For fig. 3 see next page.) Fig. 3 . Male P26 GAP-43+/-mice have increased indices of neurogenesis. a Experimental timeline. Behaviorally naïve GAP-43+/+ and +/-mice were killed at P26. b Representative photomicrograph of dentate gyrus counterstained with Fast Red (pink) and immunostained with an antibody against Ki67 (brown). c-f Ki67+ cell number in GAP-43+/-and +/+ mice examined as total number of cells ( c ), by sex and genotype ( d ) or over the rostrocaudal axis of the dentate gyrus ( e, f ). g Representative photomicrograph of dentate gyrus counterstained with Fast Red (pink) and immunostained with an antibody against DCX (brown). h-k DCX+ cell number in GAP-43+/-and +/+ mice when examined as total number of cells ( h ), by sex and genotype ( i ), and across Bregma in male ( j ) and female ( k ) mice. Data expressed as means ± SEM (n = 5-9/ group). Behaviorally experienced adult GAP-43+/-mice exhibit regionally specific reduction in a key index of neurogenesis. a Experimental timeline. Behavior tests as described in Zaccaria et al. [17] were performed on male and female GAP-43+/-and +/+ littermates beginning at 4-6 months of age. Following the completion of behavioral tests (5-7 months of age), mice received 1 BrdU injection (150 mg/ kg, i.p.) 2 h prior to sacrifice. b Representative photomicrograph of dentate gyrus counterstained with Fast Red (pink) and immunostained with an antibody against BrdU (brown). c-e BrdU+ proliferating cells in GAP-43+/-and +/+ mice examined as total number of cells ( c ), by sex and genotype ( d ), or over the rostrocaudal axis of the dentate gyrus ( e ). f Representative photomicrograph of dentate gyrus counterstained with Fast Red (pink) and immunostaining with an antibody against DCX (brown). g-i DCX+ cell number in GAP-43+/-and +/+ mice examined as total number of cells ( g ), when analyzed by sex and genotype ( h ) or over the rostrocaudal axis of the dentate gyrus ( i ). Data expressed as means ± SEM (n = 7/group). c , g Analyzed by Student's t test. d , e , h , i Analyzed by 2-way ANOVA with Sidak post hoc test. Scale bars: b , f = 50 μm.
Color version available online Fig. 4 . Male P26 GAP-43+/-mice have increased mossy fiber volume in the posterior dentate gyrus. a Representative low magnification image of the hippocampus counterstained with Fast Red (pink) and immunostained with an antibody against synaptoporin (blue-black). b-d Representative high magnification images of the hilus ( b ), SMF and IMF ( c ), and SMF at CA3 ( d ). el Mossy fiber volume in male GAP-43+/+ and +/-mice over the entire GCL ( e ), in the GCL across Bregma ( f ), in the entire hilus ( g ), SMF ( h ) and IMF ( i ), and across Bregma in the hilus ( j ), SMF ( k ) and IMF ( l ). Data expressed as means ± SEM (n = 5-7/genotype). e , g-i Analyzed by Student's t test. f , j-l Analyzed by 2-way ANO-VA with Sidak post hoc test. * p < 0.05 vs. +/+. Scale bars: a = 100 μm, b-d = 25 μm. the SMF volume was greater in P26 GAP-43+/-versus +/+ mice ( fig. 4 h, p < 0.05), but there was no change in hilar ( fig. 4 g, j) or IMF volume ( fig. 4 i, l) . When male +/+ and +/-mice were analyzed across Bregma for the SMF subfield ( fig. 4 k) , there was a significant main effect of Bregma (F 12, 130 = 24.89, p < 0.0001) and genotype (F 1, 130 = 6.43, p < 0.01), and a near-significant interaction (F 12, 130 = 1.51, p = 0.07). Collectively, our analyses in P26 GAP-43 mice revealed that (unlike during early postnatal development) male +/-mice have more GCL neurogenesis and a larger synaptoporin+ mossy fiber tract compared to +/+ mice, particularly in the posterior dentate gyrus.
Behaviorally Experienced 5-to 7-Month-Old GAP-43+/-Mice Have Fewer Proliferative DCX+ Cells in the Anterior Dentate Gyrus
Because behavioral testing itself is reported to significantly alter neurogenesis in mice [62, 63] and we observed gender differences in hippocampal-dependent behavior [17] and neurogenesis (current study), we were interested in whether neurogenesis in GAP-43+/+ and +/-mice is affected following behavioral testing. GAP-43+/-and +/+ littermates were run through behavioral testing at 4-6 months of age, and then given BrdU to label dividing cells 2 h before kill at 5-7 months of age ( fig. 5 a) [17] . As expected, BrdU+ cells were mainly located in the SGZ and presented intense, punctate nuclear staining ( fig. 5 b) . There was no difference in BrdU+ cell number ( fig. 5 c) or BrdU+ cell cluster number (+/+: 555.4 ± 19.9; +/-: 556.1 ± 43.1, p > 0.05), or BrdU+ cells/cluster (+/+: 3.5 ± 0.1; +/-: 3.3 ± 0.1, p > 0.05) in the SGZ of GAP-43+/-versus +/+ mice. When analyzed via sex, there was also no difference between genotypes ( fig. 5 d) . Analysis of BrdU+ cell number across the longitudinal axis of the hippocampus revealed a main effect of Bregma (p < 0.0001; fig. 5 e) , but no significant difference between genotypes. These data suggest that reduced GAP-43 levels in these behaviorally experienced mice do not alter proliferation of the SGZ progenitor cell pool.
DCX+ cell counts and dendritic morphology were used to assess the maturation of adult-generated neurons in the dentate gyrus of GAP-43+/-versus +/+ littermates [43, 44] ( fig. 5 f-i, 6 a-m) . Qualitatively, the number, morphology and distribution of DCX+ GCL neuroblasts in the 5-to 7-month-old behaviorally experienced mice were distinct from those seen in P9 and P26 mice. For example, DCX+ cells in 5-to 7-month-old adult +/+ mice were far fewer relative to P9 and P26, had more extensive dendrites (extending almost to the hippocampal fissure) and presented a darker and more uniform DCX+ somal staining surrounding the entire nucleus. In regard to quantification, the DCX+ cell number was not different in GAP-43+/-mice versus +/+ when examined in the entire GCL ( fig. 5 g ) or in regard to distance from the Bregma ( fig. 5 i) . When analyzed by sex and genotype, there was a nonsignificant trend for fewer DCX+ cells in male GAP-43+/-versus +/+ mice ( fig. 5 h) . This trend was not observed in females. To determine if there was a specific change in the maturation of DCX+ cells (perhaps contributing to the trend observed in male GAP-43+/-mice; fig. 5 h) . DCX+ cells were then categorized based on their dendritic morphology ( fig. 6 a-m) , which is reflective of their degree of maturity [43] . When examined as total DCX+ GCL cell number, male GAP-43+/-mice had a strong nonsignificant trend (p = 0.06) for fewer proliferative DCX+ cells with no or short (<10 μm) processes ( fig. 6 f) versus +/+ mice. When proliferative DCX+ cells were plotted by distance from the Bregma, male GAP-43+/-mice had fewer DCX+ cells in the anterior dentate gyrus (-1.6 to -2.3 mm from the Bregma; main effect of genotype: F 1, 150 = 10.67, p < 0.01), an area associated with spatial learning [48] , compared to male +/+ ( fig. 6 g) . This was not observed in females ( fig. 6 jm) . The number of intermediate or postmitotic DCX+ cells with longer processes ( fig. 6 d, e) did not differ between genotypes in either sex ( fig. 6 h, i, l, m) .
(For fig. 6 see next page.) To confirm the proliferative versus postmitotic identity of DCX+ cells with an independent marker of proliferation, DCX+ cells were also phenotyped based on their coexpression of Ki67 ( fig. 6 n-u) . Using 3D confocal analyses, DCX+ cells with shorter or no dendrites expressed Ki67 ( fig. 6 n) , indicating the proliferative nature of these cells and confirming the dendritic morphology criterion used to classify proliferative DCX+ cells in fig. 6 a-c [43] . Likewise, DCX+ cells with extensive dendrite branching were Ki67-( fig. 6 r) , indicating the postmitotic nature of these cells and confirming the dendritic morphology criterion used to classify intermediate ( fig. 6 d) and postmitotic ( fig. 6 e) DCX+ cells here and in prior publications [43] .
Phenotypic analysis of DCX+Ki67+ cells showed a strong trend for fewer proliferating DCX+ cells in male +/-versus +/+ male mice ( fig. 6 o, p = 0.09). When the dentate gyrus was divided between anterior and posterior regions, there was a 50% decrease in DCX+Ki67+ cells in the anterior ( fig. 6 p, p < 0.05) but not posterior ( fig. 6 q) , dentate gyrus in male +/-versus +/+ mice. No difference was observed in postmitotic DCX+Ki67-cell number when the dentate gyrus was examined as a whole ( fig. 6 s) or when divided into anterior ( fig. 6 t) and posterior ( fig. 6 u) regions. Additionally, no significant difference in either proliferative or postmitotic DCX+ cells was observed in female mice (data not shown). Collectively, our DCXKi67 colocalization studies confirmed the dendrite morphology data: behaviorally tested 5-to 7-month-old male GAP-43+/-mice have fewer proliferative DCX+ cells in the anterior hippocampal dentate gyrus, with no difference or trend seen in postmitotic DCX+ cells in either male or female mice.
Behaviorally Experienced 5-to 7-Month-Old GAP-43+/-Mice Have Normal Hippocampal Mossy Fiber Volume
Synaptoporin+ mossy fiber axons in older adult mice were of similar distribution and size as P26 mice ( fig. 7 a-d) . Stereological quantification of synaptoporin+ mossy fibers in behaviorally tested 5-to 7-monthold GAP-43+/-versus +/+ mice revealed similar volumes of the entire mossy fiber tract ( fig. 7 e) and of the hilus ( fig. 7 g), SMF ( fig. 7 h) and IMF ( fig. 7 i) . Although there was a main effect across Bregma for each of the mossy fiber subfields analyzed (all 2-way ANOVAs, p < 0.0001), there was no main effect of genotype in any of the mossy fiber subfields (all 2-way ANOVAs, p > 0.05; fig. 7 f, j-l) and no significant interaction. The size of the mossy fiber subfields also did not differ when analyzed by gender (data not shown). These data demonstrate that behaviorally tested adult GAP-43+/-and +/+ mice have similar volume of synaptoporin+ mossy fiber tracts.
Discussion
Given the link between hippocampal function, neurogenesis and synaptogenesis [32, 33] , and given that GAP-43+/-mice display impaired spatial learning and stress-induced behavioral features [17] , we hypothesized that GAP-43+/-mice would have decreased hippocampal neurogenesis and aberrant or diminished mossy fiber connectivity. However, we found that the developmental impact of GAP-43 deficiency on hippocampal neurogenesis and mossy fiber volume is age dependent. Behaviorally naïve P9 GAP-43+/-mice have fewer proliferating cells and immature neuroblasts and a smaller mossy fiber tract, particularly in the posterior dentate gyrus. In contrast, behaviorally naïve P26 GAP-43+/-mice (particularly males) have more proliferating cells and immature neuroblasts and a larger mossy fiber tract, also in the posterior dentate gyrus. These data highlight a dynamic neurogenic and synaptogenic response to reduced GAP-43 protein levels in the dentate gyrus. Furthermore, as the posterior hippocampus sends projections to areas of the brain largely involved in emotion [48] , these disrupted connections in GAP-43+/-mice may contribute to their behavioral phenotype in adulthood [17] . Below we discuss these results, and consider the implications of (For fig. 7 see next page.) GAP-43+/-mice displaying these striking age-dependent alterations in neurogenesis and mossy fiber tract volume.
Hippocampal Neurogenesis and Synaptogenesis Are Regulated in GAP-43+/-Mice in an Age-Dependent Manner
The most compelling findings presented here are from our behaviorally naïve GAP-43+/-mice in which dentate gyrus neurogenesis and synaptogenesis were transiently and differentially affected with age. P9 GAP-43+/-mice have distinct changes in the posterior dentate gyrus: reduced cell proliferation, fewer immature neuroblasts and decreased volume of mossy fibers, which can be interpreted as a redistribution of axons [45] . As GAP-43 protein levels peak at P9 in +/+ mice [11] -a developmental time point in mice that coincides with the critical period of axon elongation, terminal arborization and early synaptogenesis [46, 47] -it is reasonable to speculate that a loss of GAP-43 protein during this critical period significantly diminishes neurogenesis and synaptogenesis. The P9 reductions are also comparable to the developmental delays observed in other brain regions of GAP-43+/-mice [8, 11, 64, 65] , lending support for its prominent role during development.
Unexpectedly, the reduced neurogenesis and diminished axonal projections in P9 GAP-43+/-mice were reversed with age, such that P26 GAP-43+/-mice displayed increased neurogenesis and greater mossy fiber volume relative to +/+ mice, also in the posterior dentate gyrus. One interpretation of this reversal is that it is a compensatory response during adolescence to make up for the reduced neurogenesis and synaptogenesis seen in early postnatal development [our data and 11, 64, 66 ] . This concept of a compensatory increase or 'rebound' at P26 or later is consistent with what is seen in other brain regions in GAP-43+/-mice [11, 64, 66] . However, our data show an 'overshoot' where there is overcompensation in cell proliferation, number of neuroblasts and mossy fiber volume. Analysis of behaviorally naïve mice at ages older than P26 would clarify if and when the neurogenic and synaptogenic phenotype in +/-mice is fully normalized by compensatory mechanisms.
Another perspective on the increased neurogenesis and mossy fiber volume in P26 +/-mice comes from the literature of normal wild-type (+/+) mice [11] , where total GAP-43 protein level is high at P9, drops to much lower levels by P26 and stays low throughout adulthood. This dynamic fluctuation in total GAP-43 levels does not occur in +/-mice [11] , and the GAP-43 levels are actually higher in the cortex of P26 +/-mice relative to +/+ mice [11] . If this dynamic expression pattern of GAP-43 protein also occurs in the hippocampus, the increased neurogenesis and mossy fiber volume in P26 +/-mice may reflect a failure of total GAP-43 protein levels to downregulate into adulthood, allowing for increased neurogenesis and synaptogenesis in +/-relative to +/+ P26 mice. From our data, it is reasonable to propose that the level of GAP-43 protein partially determines the level of neurogenesis and mossy fiber volume: low GAP-43 levels diminish neurogenesis and synaptogenesis, while high levels increase them. This bidirectional regulation of hippocampal neurogenesis and synaptogenesis based on GAP-43 levels complements behavioral studies demonstrating that reduced GAP-43 levels lead to behavioral deficits [17, 67] , while increased GAP-43 levels enhance behavioral performance [16, 67] . Taken together, our age-dependent findings encourage more exploration of whether fluctuations in GAP-43 levels merely correlate with altered hippocampal neurogenesis, synaptogenesis and behavioral performance, or whether there is a more direct, causative association [64] .
Hippocampal Neurogenesis and Reorganization of Mossy Fiber Projections in GAP-43+/-Mice: A Connection?
The parallel between reduced neurogenesis and mossy fiber projections at P9 and increased neurogenesis and mossy fiber projections at P26 suggests that neurogenesis may modulate the size of mossy fibers and, in turn, influence hippocampal function. Indeed, prior work has shown that the size of mossy fiber projections positively correlates with behavioral performance [10, [68] [69] [70] [71] and is dynamically regulated by neurogenic activity [45, 72] . Therefore, it is conceivable that neurogenesis-induced mossy fiber remodeling may reshape the way in which dentate gyrus granule cells regulate CA3 pyramidal cell activity, which may consequently influence hippocampal-dependent behaviors [73] .
There are a number of ways in which neurogenesisinduced mossy fiber remodeling may influence CA3 activity and lead to behavioral adaptations. First, mossy fibers are typically regarded as excitatory projections that synapse onto CA3 pyramidal cells [74] . However, additional studies demonstrate that inhibitory neurons receive about 10 times more synapses from mossy fibers than do principal neurons, generating a net inhibitory effect onto CA3 [74] [75] [76] . Furthermore, young neurons in the GCL can selectively stimulate interneurons in the hilus and CA3 and compete with more mature granule cells for excitatory input [77] . Mossy fiber innervation onto CA3 can also toggle between excitation and inhibition, depending on stimulation dynamics of dentate granule neurons [74] . This underscores the possibility that even slight reorganization of mossy fiber axons (perhaps due to altered neurogenesis) can considerably modify postsynaptic CA3 targets and information processing. Although it remains unknown if and how neurogenesis itself can directly modulate mossy fiber projections and CA3 targets, published work suggests that suppressing neurogenesis during early postnatal development leads to synaptic remodeling between the dentate gyrus and CA3 [78] . In contrast, there are examples in which changes in mossy fiber projections are not associated with changes in neurogenesis [79] . Therefore, it remains to be confirmed in GAP-43+/-mice if changes in hippocampal neurogenesis directly relate to changes in mossy fiber volume.
Second, CA3 pyramidal cells can send reciprocal back-projections to dentate gyrus granule cells [74, 80] and possibly regulate neurogenesis [81] and granule cell activity and function [73] . Importantly, ventral CA3 pyramidal cells have 3-4 times as many hilar collateralizations than dorsal CA3 cells [74, 82] . This is the same septotemporal region in which DCX+ cells -immature neuroblasts destined to reach neural maturity and extend mossy fiber axons -were changed in our behaviorally naïve GAP-43+/-mice. CA3 back-projections, whether excitatory or inhibitory, can subsequently lead to increased or decreased cellular activation of immediate early genes in the dentate gyrus [74] , emphasizing the complex interplay between pre-and postsynaptic cells throughout the hippocampal synaptic circuit. In addition to immediate early genes, enhanced mossy fiber sprouting also upregulates GAP-43 mRNA expression in dentate gyrus granule cells [83, 84] , particularly in the ventral hippocampus [84] . This upregulation of GAP-43 expression in the GCL following mossy fiber sprouting supports an active role for this protein in regulating activity-dependent neurogenesis and synaptic plasticity [85] .
Adding to the complexity of the mossy fiber circuitry is that mossy fiber axons from granule cells can target various cell types at different distances in the hilus and CA3 [86] [87] [88] , depending on their location within the GCL. While both P9 and P26 GAP-43+/-mice have a decrease (P9) and then an increase (P26) in mossy fiber tract volume in the posterior hippocampus, P9 GAP-43+/-mice had specific decreases in hilar and SMF volume, while P26 only had increased SMF volume. This age-dependent restructuring of distinct mossy fiber subfields resulting from reduced GAP-43 levels could lead to target-specific alterations in synaptic transmission between the GCL and CA3 [86, 88] . Although mossy fibers can establish synaptic contact with CA3 pyramidal cell dendrites by P9 [61, 89] , it is unclear if granule cells develop functional recurrent CA3 collaterals by this age, calling into question the functional contribution of CA3 back-projections and their impact on hippocampal neurogenesis during early postnatal development. Future investigations will be necessary to probe for mechanisms in which neurogenesis-induced mossy fiber alterations may modify CA3 postsynaptic targets and subsequent cellular activation of target genes in the dentate gyrus of GAP-43+/-mice.
Hippocampal Neurogenesis and Synaptic Plasticity in GAP-43+/-and +/+ Mice following Behavioral Testing
Behavioral testing itself significantly alters neurogenesis in mice [62, 63] . However, given both our prior behavioral results with GAP-43+/-mice [17] and the age-dependent changes we see in these measures in behaviorally naïve P9 versus P26 GAP-43+/-mice, we felt it was important to report here our findings in behaviorally tested 5-to 7-month-old male GAP-43+/-versus +/+ mice (fewer proliferative-type immature neuroblasts in the anterior dentate gyrus). These data have their limitations, in that they are restricted to the anterior dentate gyrus and are from behaviorally tested mice ( fig. 5-7 ) , making it imprudent to connect those to our data in behaviorally naïve mice P9 and P26 mice ( fig. 1-4 ) . However, it is still reasonable to briefly comment on these data from 5-to 7-month-old behaviorally tested mice. As we show an age-induced fluctuation in neurogenesis and mossy fiber volume in behaviorally naïve GAP-43+/-mice (P9 decrease, P26 increase), it is possible that the decrease seen in 5-to 7-month-old mice is a continuation of that dynamic pattern. Perhaps, for example, neurogenesis falls again in adulthood in GAP-43+/-mice after the initial compensatory increase seen at P26 is over and GAP-43 levels in GAP-43+/-mice returns to lower than seen in GAP-43+/+. However, we feel this is unlikely given that GAP-43 levels are the probably the main driver behind the changes seen at P9 and P26, and by P30 and into later adulthood the levels of GAP-43 remain low [11] . Thus, it is possible that the decreased neuroblast number is merely a remnant of more robust age-induced alterations in neurogenesis, but that these are masked by extensive behavior testing.
The points raised above are particularly important to consider because GAP-43+/-mice exhibited abnormal hippocampal neurogenesis and synaptogenesis during development (current study) and exhibited impaired cognition in several hippocampal-dependent tasks as adults [17] . These behavioral tasks principally rely on the anterior hippocampus [48] , and so behavioral testing performed may indeed have influenced the outcome of our data ( fig. 5-7 ) . Furthermore, our prior study demonstrated that GAP-43+/-males were more susceptible than GAP-43+/-females to stress-induced behavioral withdrawal and anxiety [17] . Interestingly, new neurons in the hippocampus may be functionally important in an animal's ability to respond to stress [28, 30, 31] and immature DCX+ neurons are known to be vulnerable to stress [90] . Therefore, the male-specific decrease in DCX+ cells in these animals could account for the increased susceptibility to stress in GAP-43+/-male mice. However, it is challenging to interpret our adult data because hippocampal-dependent tasks can alter neurogenesis [62, 63] . For example, hippocampal-dependent tasks that actively engage learning and memory processes can stimulate neurogenesis [63] . In contrast, experimenter manipulation and unpredictable stress, which occur during behavioral testing, can suppress neurogenesis [25] . Therefore, an equivalent study in around 5-to 7-month-old behaviorally naïve mice is needed to see how much the decreased DCX+ number seen in behaviorally tested GAP-43+/-male mice is due to merely age-induced fluctuations, behavioral experience or a combination.
The 'Disordered Connectivity' Hypothesis: Cytological, Anatomical and Behavioral Correlations in GAP-43+/-Mice
In sum, our results show that behaviorally naïve GAP-43+/-mice have an age-dependent abnormal fluctuation in hippocampal neurogenesis and mossy fiber connectivity, possibly contributing to the GAP-43+/-behavioral phenotype [17] . Our results also show that the 'disordered connectivity' hypothesis of GAP-43+/-mice applies not only to the cortex and thalamus [8, 11, 13, [64] [65] [66] but also to the dentate gyrus. As disordered axonal connectivity is seen in many developmental disorders and animal models of these disorders [57, [91] [92] [93] , it is perhaps not surprising that GAP-43+/-showed behavioral symptoms such as resistance to change and vulnerability to stress [17] . In other words, if the neural connections are disturbed, predictable behavioral changes emerge. This probable link encourages further investigations into this mouse model, including more detailed anatomical and cytological characterization of brain structures that are affected in neuropsychiatric conditions that are marked by anxiety, deficits in communication and social interaction, and sensory and cognitive impairments.
